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Abstract: Excessive test power has been a serious concern in BIST
techniques. Shift power consumption can be significantly reduced by
increasing the correlation among adjacent test data bits. However, this
method may cause fault coverage loss. This paper presents a novel low
power BIST scheme that reduces toggle probability of the scan input
data while only shifting out part of capture responses for fault analysis
and using the rest of capture responses as new test data. Using part of
capture responses as test data can improve uniform distribution of 1 s
and 0 s in test stimulus bits and thus result in high test effectiveness.
Experimental results on larger benchmark circuits of ISCSAS89 and
ITC99 show that the proposed strategy can reduce significantly test
power while suppressing test coverage loss.
Keywords: scan-based BIST, switching activity, low power, test re-
sponse, fault coverage
Classification: Integrated circuits

References

[1] K. M. Butler, J. Saxena, A. Jain, T. Fryars, J. Lewis and G.
Hetherington: IEEE International Test Conference (2004) 355.

[2] J. Saxena, K. M. Butler, V. B. Jayaram and S. Kundu: IEEE Interna-
tional Test Conference (2003) 1098.

[3] M. Elm, H. Wunderlich, M. E. Imhof, C. G. Zoellin, J. Leenstra and N.
Maeding: ACM Design Automation Conference (2008) 828.

[4] X. Lin and J. Rajski: IEEE Asian Test Symp. (2008) 329.
[5] S. Wang and S. K. Gupta: IEEE Trans. Computer-Aided Design Integr.

Circuits Syst. 25 (2006) 1565.
[6] X. Lin and J. Rajski: IEEE Asian Test Symp. (2010) 355.
[7] M. Filipek, Y. Fukui, H. Iwata, G. Mrugalski, J. Rajiski, M. Takakura

and J. Tyszer: IEEE Asian Test Symp. (2011) 84.
[8] W. Z. Wang, J. S. Kuang, P. Liu, X. Peng and Z. Q. You: IEICE Electron.

Express 9 [10] (2012) 874.
[9] Y. Sato, S. Wang, T. Kato, K. Miyase and S. Kajihara: IEEE Asian Test

Symp. (2012) 173.
[10] J. Rajski, J. Tyszer, G. Mrugalski and B. Nadeau-Dostie: IEEE VLSI

Test Symp. (2012) 1.
[11] J. Solecki, J. Tyszer, G. Mrugalski, N. Mukherjee and J. Rajski: IEEE

International Test Conference (2012) paper9.3.

c© IEICE 2013
DOI: 10.1587/elex.10.20130853
Received November 03, 2013
Accepted November 07, 2013
Publicized November 21, 2013
Copyedited December 10, 2013

1



IEICE Electronics Express, Vol.10, No.23, 1–6

[12] D. Xiang, M.J Chen, J. G. Sun and H. Fujiwara: IEEE Trans. Computer-
Aided Design Integr. Circuits Syst. 24 (2005) 916.

1 Introduction

Logic Build-In Self-Test (BIST) is vital for digital system debug or field test.
The power in scan-based test is higher than that in circuits normal oper-
ation [1]. In scan-based BIST, the power problem seems worse because of
its unmanageable randomness. Excessive peak power dissipation may cause
supply voltage droops eventually resulting in undesired yield loss, and exces-
sive average power dissipation may cause hot spots which could damage the
circuits under test (CUTs) [2].

Many sophisticated low power methods have been proposed for logic
BIST. The approach in [3] clusters the scan chains into several groups and
reduces shift power by enabling ineffective ones with mask logics during scan
shift. Technique presented in [4] reduces test power by inserting extra logic
gates to freeze the outputs of the scan flip-flops during scan operation. These
extra logics may increase path delay in CUT. The approaches proposed in
[5, 6] insert control logics between scan chain inputs and random test pattern
generator to reduce the toggle rate of test stimulus bits. M. Filipek et al.
propose a method that delivers constant values into the specified proportion
of scan-chains at a time [7]. However, these methods could decrease test
coverage for a given test length. The approach in [9] reduces shift-power by
eliminating the specified high-frequency parts of vectors and also reduces cap-
ture power by using the multi-cycle BIST scheme with partial observation.
The paper [10] presents a low power PRTG (Pseudorandom Test Pattern
Generator) with programmable features which can reduce switching activity
in scan chains significantly while virtually preserving original test coverage.
The authors in [11] describe a low power programmable generator capable
of producing test patterns with desired toggling levels and enhanced fault
coverage gradient. These technologies provide relatively high test coverage,
but require complicated control logics. In [8], we proposed a BIST scheme
that reduces test power by delivering the same value to the adjacent scan
cell. To prevent the decrease of fault coverage, it implements weighted ran-
dom pattern testing by loading several kinds of different scan input data into
scan chains with precalculated probabilities. In this paper we propose a more
powerful low power BIST scheme which applies low transition test data and
meanwhile uses a small fraction of test responses as part of new test pattern.
This scheme enhances test effectiveness more significantly by improving the
uniformity of 0 s and 1 s distribution for a low transition test pattern.

2 The proposed test scheme

It is conceivable that, delivering the same value to the adjacent scan cells
can reduce the number of transitions at scan inputs during scan shift, and
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Fig. 1. The architecture of the proposed test scheme

thus reduce the power consumption in entire CUT. However, increasing the
correlation among adjacent test stimulus bits degrades the uniformity of 0 s
and 1 s distribution. That is to say, the consecutive 1 s or 0 s will appear often,
and the state toggle (0→1 or 1→0) will become uncommon. As a result, some
detectable faults cannot be detected by such test sequences and this may
cause test coverage loss. For improving the uniformity of distribution in test
stimulus while reducing switching activity significantly, we consider applying
low transition test stimulus into scan inputs, and meanwhile utilizing a small
fraction of test response as test data. This is because test responses usually
have better uniformity of 0 s and 1 s distribution than low transition test
stimulus. The test responses that are selected as a part of next test pattern
will keep stationary (i.e, not shift out of scan chains during scan shift).

Based on this idea, we propose a novel BIST scheme depicted in Fig. 1.
In this scheme, the scan cells are divided into N scan chains. The 2-input
multiplexers are inserted between phase shifter (PS) outputs and scan chain
inputs. These multiplexers select either pseudorandom test data directly
from PRTG or previous scan value from the first scan cell of each scan chain.
Each multiplexer has a 1-bit control signal which is also connected with PS
output. When the control signal is 0, the previous scan value is selected and
loaded into the scan chain input repetitively. Otherwise, pseudorandom data
generated by PRTG is delivered into the scan chain. The output of each
scan chain is connected with one bit of the multiple input signature register
(MISR). Test responses compacted by MISR will be used for fault analysis.
An N -bits cyclic shift register (CSR) is embedded in the CUT. Each bit of
CSR controls the clocks of a scan chain via a NAND gate and an AND gate.
We call the AND gate inserted between a clock line and the corresponding
scan flip-flop clock input as clock gater. If set properly, they prevent clock
pulses from reaching some scan chains and force them to hold their states
during scan shift. In scan shift operation (testmode=1), if a bit in CSR is
1, the corresponding NAND output is 0 and the corresponding clock gater
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output is also set to 0. This means that the clock of corresponding scan chain
is turned off and its state will hold during scan shift. In capture operation
(testmode=0), both NAND output and clock gater output are set to 1. Thus,
all scan chains can capture test responses regardless of the values in CSR.

If some scan chains hold their states for next test pattern after a capture
cycle during scan shift (for conveniences sake, this kind of scan chains are
referred to as non-shift scan chains hereinafter), it’s predictable that test
power in CUT can be reduced further. At the same time, test responses
usually have better uniformity of 0 s and 1 s distribution than low transition
test stimulus, so fault coverage loss caused by low transition test application
can be offset in this sense. However, the test responses in non-shift scan
chains won’t be helpful to fault detection. In this sense, giving up to observe
a fraction of scan chains may have bad impact on test coverage. The factual
test coverage is determined by the two conflicting factors jointly. The positive
impact on test coverage is predominant when the ratio of non-shift scan chains
is small. The bad impact on test coverage may become predominant when
the ratio of non-shift scan chains is very large. Therefore, the number of
non-shift scan chains should not be large enough if the high test coverage
requirement is top-priority.

The test procedure for the scheme is described briefly as follows. At the
beginning of test, we initialize the CSR so that only a fraction of bits are 1 s
and the other bits are 0 s. For the sake of presentation, let us suppose that
two scan chains are selected as non-shifting scan chains in the scheme. For
example, if the values in the CSR are 110000. . .00 at a test cycle, then only
the clocks of scan chain S1 and S2 are gated during scan shift (testmode=1).
The test responses in S1 and S2 constitute part of next test pattern. At the
moment, test stimulus are shifted in scan chains except for S1 and S2 from
scan inputs (multiplexer outputs) while shifting out the test responses cap-
tured in these scan chains. If the control signal of a multiplexer is 1 at a clock
cycle, pseudorandom test data generated by PRTG is shifted in correspond-
ing scan input; otherwise, test data are delivered repetitively. After shifting
in a test pattern, CUT goes into normal mode (testmode=0). At this time,
all scan chains capture test responses. The CSR is shifted one bit cyclically
to the right just before scanning into a new test pattern (thus non-shift scan
chains change cyclically). Then, CUT goes into test mode again and a new
test pattern is shifted into scan chains (testmode=1). This test procedure is
repeated until test terminates.

3 Toggle probability analysis at scan inputs of shifting scan
chains

In the section, we analyze certain properties of test patterns generated by
the proposed scheme. We define the toggle probability of a scan input si as
the probability that si is assigned value v (v ∈ {0, 1}) at a clock cycle and
the opposite value v at next clock cycle. In order to make every possible
test pattern appear, the toggle probability of any scan input should be 0.5.
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When a scan chain is driven by a traditional Linear Feedback Shift Register
(LFSR), the toggle probability of its input is nearly 0.5. In contrast, applying
low transition test stimulus decreases toggle probability of scan inputs.

The probability of a PS output being value 0(or 1) at a clock cycle is 0.5.
Hence, the probability of the multiplexer control signal being vaule 0(or 1) is
0.5, written as Pcon(0) = Pcon(1) = 0.5. The probability of the multiplexer
1-input being value 0(or 1) is also 0.5. Since the input of a scan chain toggles
only when control signal of the multiplexer is assigned a 1 and the previous
assigned value in 1-input of the multiplexer is assigned a 0(or 1) and the
current one is assigned a 1(or 0). The toggle probability of a scan chain
input written as P (toggle) can be calculated as follows:

P (toggle) = Pcon(1) × [Ppre(1) × Pcur(0) + Ppre(0) × Pcur(1)]

= 0.5 × (0.5 × 0.5 + 0.5 × 0.5) = 0.25,
(1)

where Ppre(0/1) and Pcur(0/1) is the probability that the previous and cur-
rent values of the multiplexer 1-input are assigned as 0/1 respectively. If we
insert a multiple-input AND gate between the control input of multiplexer
and PS output, toggle probability will get smaller resulting in more signif-
icant test power reduction. To avoid significant fault coverage loss due to
applying extremely low toggling patterns, this method isn’t recommended.

4 Experimental results

Experiments are performed on several larger ISCAS89 and ITC99 benchmark
circuits. The average and peak weighted switching activity (WSA) at a clock
cycle in the whole CUT are used to evaluate average and peak shift test
power. Stuck-at fault model is targeted.

Table I shows the results for the proposed scheme. Our scheme uses LFSR
as PRTG whose size is set as 40 or 50. Columns 2-4 designate the number
of scan chains, the number of applied test patterns and the fault coverage
obtained by traditional LFSR-based scheme. The columns under the heading
non-shift: 10% (20%, 30%, 40%) show simulation results obtained by the
proposed scheme that with the percentage of non-shift scan chains equal to
10% (20%, 30%, 40%). The subcolumns labeled FC show the fault coverage
for the given test length. The subcolumns labeled ave. red and peak red
show the savings in average WSA and peak WSA by using the proposed
scheme compared with traditional LFSR, respectively. The percentage of
area overhead is presented in the last column. Area overhead is estimated
based on the cell library class.lib of the Synopsys system [12]. As shown
in the table, the amount of WSA reduction increases as the percentage of
non-shift scan chains increases. Meanwhile, the proposed scheme suppresses
the fault coverage loss effectively. The additional logics are very trivial in
relation to the circuit size.

Table II presents comparison of average WSA and test coverage between
the proposed scheme and two other effective low power schemes [5, 8] for the
cases with most efficient power reduction. (Peak WSA is not presented in [5]
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Table I. Experimental results for the proposed scheme

Circuit
#
sc

length
Lfsr non-shift: 10% non-shift: 20% non-shift: 30% non-shift: 40%

ao
%FC FC

ave. peak
FC

ave. peak
FC

ave. peak
FC

ave. peak
red red red red red red red red

S5378 10 65536 98.64 98.72 33.8 24.3 98.61 41.8 34.5 98.24 46.3 41.2 97.52 52.1 44.9 4.2
S9234 10 524288 89.46 93.13 38.1 28.4 92.96 44.2 32.7 92.57 52.6 39.7 92.51 59.7 41.8 2.4
S13207 20 132072 98.02 97.57 41.3 31.5 97.19 47.6 39.8 96.06 54.1 43.6 96.57 62.2 48.9 2.6
S15850 20 132072 92.02 96.24 39.3 23.4 96.23 47.7 32.4 96.19 53.7 36.0 96.14 62.3 40.9 2.4
S35932 20 128 87.80 89.44 38.0 21.2 89.51 45.1 25.7 89.34 54.4 30.5 89.05 59.8 38.8 1.0
S38417 20 132072 96.61 95.73 40.6 29.1 96.00 47.9 34.9 95.68 54.1 41.6 95.63 60.0 50.2 1.0
S38584 20 132072 94.40 95.58 42.3 20.3 95.44 49.7 26.9 95.40 57.8 31.2 95.41 64.8 37.5 0.9
B20 10 132072 91.57 93.88 35.8 19.6 93.76 40.9 23.3 93.65 47.1 28.7 93.44 53.9 34.1 0.6
B21 10 132072 90.55 93.23 35.6 17.4 93.09 40.5 22.8 93.00 48.5 25.4 92.55 54.4 29.3 0.6
B22 10 132072 92.86 94.97 37.3 20.7 94.96 43.0 25.6 94.66 49.1 29.1 94.67 56.3 36.5 0.4
AVG - - 93.19 94.85 38.2 23.6 94.78 44.8 29.8 94.48 51.8 34.7 94.35 58.6 40.3 1.6

Table II. Experimental result comparison with low power
schemes in [5, 8]

Circuit
LT-RTPG [5] Low power [8] Proposed scheme
FC ave. red FC ave. red FC ave. red

S5378 96.54 43 96.68 45 97.52 52.1
S9234 90.89 62 92.34 63 92.51 59.7
S13207 93.66 45 94.98 53 96.57 62.2
S15850 94.40 58 95.91 57 96.14 62.3
S35932 87.84 56 88.47 56 89.05 59.8
S38417 94.99 56 95.46 58 95.63 60.0
S38584 93.35 59 94.78 59 95.41 64.8

Ave. 93.10 54.1 94.09 55.8 94.69 60.1

and [8].) All the three schemes apply the same number of test patterns for
every benchmark circuit as shown in Table I. In the table, all of the power re-
duction percentages are calculated by taking the power results of traditional
BIST scheme as a comparison baseline. It is clear that, the proposed tech-
nique can attain higher fault coverage while achieving more significant test
power reduction than the methods in [5] and [8] for all benchmark circuits
except for S9234.

5 Conclusion

In order to improve the tradeoff between test power reduction and test cov-
erage loss, this paper provides a powerful BIST scheme. The proposed tech-
nique applies low transition test stimulus into scan inputs for shift power
reduction. On the other hand, it selects a small fraction of scan chain as
non-shift ones and uses the test response in them as a part of next test
pattern. In this way, the proposed technique reduces the switching activity
further and suppresses test coverage loss efficiently. Experiment results show
that proposed scheme can achieve good results with little area overhead.
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